Retinochoroiditis manifests in patients infected with Toxoplasma gondii. Here, we assessed 30 sibships and 89 parent/case trios of presumed ocular toxoplasmosis (POT) to evaluate associations with polymorphisms in the NOD2 gene. Three haplotype-tagging single-nucleotide polymorphisms (tag-SNPs) within the NOD2 gene were genotyped. The family-based association test showed that the tag-SNP rs3135499 is associated with retinochoroiditis (P = .039). We then characterized the cellular immune response of 59 cases of POT and 4 cases of active ocular toxoplasmosis (AOT). We found no differences in levels of interferon γ (IFN-γ) and interleukin 2 produced by T-helper 1 cells when comparing patients with AOT or POT to asymptomatic individuals. Unexpectedly, we found an increased interleukin 17A (IL-17A) production in patients with POT or OAT. In patients with POT or AOT, the main cellular source of IL-17A was CD4 + CD45RO + T-bet − IFN-γ − T-helper 17 cells. Altogether, our results suggest that NOD2 influences the production of IL-17A by CD4 + T lymphocytes and might contribute to the development of ocular toxoplasmosis.
Lifelong infection with the obligate intracellular protozoan Toxoplasma gondii affects one-third of the human population globally [1] . Although toxoplasmosis is asymptomatic in the majority of cases, T. gondii infection is the most common cause of posterior uveitis worldwide [2, 3] . Its importance is even greater in Brazil, where the prevalence and severity of ocular disease is higher than that in the rest of the world [4] [5] [6] . The immune responses induced by T. gondii infection are initiated by the activation of innate immune cells and the induction of proinflammatory cytokines through activation of Toll-like receptors and development of T-helper 1 cells, exclude lymphocytes [7, 8] . A profile that includes Th1 cytokines, such as interferon-γ (IFN-γ) and interleukin 5, interleukin 6 (IL-6), and interleukin 17A (IL-17A) has also been associated with acute ocular toxoplasmosis in humans [9, 10] . However, the innate immune receptors that interact directly with T. gondii molecules triggering local inflammation in the eye remain to be identified.
The nucleotide-binding oligomerization domain containing 2 (NOD2) is an intracellular pattern-recognition receptor grouped in the NOD-like receptor family of proteins [11] . NOD2 is known to recognize bacterial peptidoglycan and to be expressed in different cell types, including neutrophils, monocytes, macrophages, and dendritic cells [12, 13] . Activation of NOD2 triggers the release of NF-κB, which induces the production of proinflammatory mediators, upregulation of major histocompatibility complex class II, and activation of antigen-specific CD4 + T-cell responses, including memory T cells [12, 14] . In mice, T. gondii infection was shown to activate NOD2, providing a T cell-intrinsic signal necessary for generating Th1-mediated immunity [15] .
In the present study, we evaluated the involvement of the NOD2 receptor in susceptibility to ocular toxoplasmosis. For this purpose, we genotyped 3 haplotype-tagging single-nucleotide polymorphisms (tag-SNPs) within the NOD2 gene and tested for their association with the ocular disease [16] . Since NOD2 appears to be involved in eliciting both Th1 and Thelper 17 cell immune responses, we also characterized the response of T. gondii-specific CD4 + T cells in terms of cytokine production. We report that the tag-SNP rs3135499 is associated with presumed ocular toxoplasmosis (POT). Interestingly, the levels of IL-17A produced by parasite antigen-specific CD4 + CD45RO + T-bet − IFN-γ Th17 lymphocytes were higher in patients with POT or active ocular toxoplasmosis (AOT). These individuals also present a high frequency of CD4 + CD45RO + T-bet − IFN-γ − cells that produce IL-17A.
Thus, altogether, our results suggest the involvement of NOD2 and Th17 lymphocytes in the development of ocular toxoplasmosis.
MATERIALS AND METHODS

Cohorts and Patients
Genetic analysis was performed in a combined cohort (Table 1) of parent/offspring and sibship trios from Vale do Jequitinhonha, in Minas Gerais state (the MG cohort), and from Campos dos Goytacazes, in Rio de Janeiro state (the RJ cohort). The seroprevalence of toxoplasmosis in these cohorts is 43% and 53% [17] , respectively. The MG cohort comprises 66 cases of POT distributed in 61 families. The RJ cohort comprise 68 cases of POT distributed in 30 nuclear families and 30 sibships with at least one affected child and is described elsewhere [18] . The 2 cohorts were combined to increase the power to detect allelic associations with the genotyped SNPs. DNA was extracted from 301 individuals in total. Immunophenotyping assays were performed for individuals from the MG cohort only. Individuals were separated into four groups, including: seropositive asymptomatic or displaying POT or AOT and seronegative controls. All patients provided written informed consent prior to inclusion, and all procedures were performed in person, in accordance with institutional and National Institutes of Health guidelines.
Clinical Phenotypes for POT and AOT
Fundus examination was performed in seropositive individuals from the MG and RJ cohorts, under the same criteria by a group of ophthalmologists, coordinated by Dr Wesley Campos. The posterior retinal/retinochoroidal-scarred, healed lesions were classified as A or B (Figure 1 ) according to their morphological aspects, as described elsewhere [19] . Briefly, class A lesions present well-marked boundaries, usually surrounded by a pigmented halo and extensive destruction of the retina and choroid. Class B lesions are characterized by a surrounding hypopigmented halo and a smaller degree of tissue destruction, both of which fulfill the morphological criteria of presumed T. gondii infection. Individuals presenting with POT were examined at the time of survey and 6-10 months after the first examination. No difference was observed in any aspect of the lesions during the period. The additional AOT cases displayed healed, scarred lesions and active retinochoroiditis located adjacently to the previous lesion, as well as high avidity anti-T. gondii immunoglobulin G and no immunoglobulin M (Supplementary Table 1 ), all of which are consistent with reactivation of ocular toxoplasmosis. These patients also underwent visual acuity evaluation, tonometry, biomicroscopy, and ophthalmoscopy [20] .
Serodiagnosis for Toxoplasmosis by Enzyme-Linked Immunosorbent Assay
High binding microtiter plates Immulon-2 (Dynatech Laboratories, CT) were coated with 1 μg/mL of F3, an extract enriched for the surface components of T. gondii tachyzoites and developed as previously described [21] .
Genotyping and Family-Based Allelic Association Tests
The tag-SNPs in the NOD2 gene were selected from the Hapmap project, release 27 (http://www.hapmap.org), using 5 kb of flanking sequence on each side of the gene. To select the tag-SNPs, the tagger tool [22] within Haploview software v4.2 [23] was used, setting a minor allele frequency cutoff of 0.2 in CEU and YRI populations and an r2 threshold of 0.8. Genotyping was performed using the Taqman (Applied Biosystems, CA) technology for NOD2 SNPs at rs2076753 (intronic), rs2111235 (intronic), and rs3135499 (3′ untranslated region). The tag-SNPs were in Hardy-Weinberg equilibrium in genetically unrelated founders in the Brazilian families (P > .05). The power to detect association in the trios/sibships is 70.8%, at an odds ratio of 1.5 and a nominal P value of .05. Family-based allelic association tests were performed within the family based association test [16] , which is based on the transmission disequilibrium test but allows for analyses under different genetic models and with incomplete parental data [16, 24] . Analyses were performed using a genotype model and under the null hypothesis of "no linkage and no association."
Nominal P values are presented.
T-Cell Immunophenotyping and Intracellular Cytokine Measurement
In the immunological study, 105 individuals from the MG cohort were used and included 21 anti-T. gondii-seronegative individuals, 59 cases of POT, and 25 cases of asymptomatic toxoplasmosis (Supplementary Table 2 ). Additional 4 cases of AOT were also analyzed. PBMCs were prepared from heparinized venous blood from adult volunteers by Ficoll-Hypaque density gradient centrifugation (Sigma Aldritch). All cultures were performed using Roswell Park Memorial Institute 1640 medium supplemented with 5% heat-inactivated fetal calf serum (Gibco, NY) and penicillin (200 U/mL) in the presence or absence of stimulus at 37°C in 5% CO 2 . Cells were stimulated for 20 hours with anti-CD3 (1.0 μg/mL) and anti-CD28 (0.5 μg/mL) (BD Biosciences, CA) or with soluble tachyzoite antigens (STAg) prepared from the RH strain of T. gondii (10 μg/mL). For that propose, tachyzoites were obtained by peritoneal washing of infected SWISS mice, and STAg was produced as previously described [21, 25] . In the last 8 hours of culture, brefeldin A (GolgiPlug Protein Transport Inhibition, BD Biosciences) was added to each well. After incubation, cells were washed and stained for surface molecules for 15 minutes at room temperature. The cells were washed, permeabilized (Cytofix/Cytoperm, BD Biosciences), and fixed in 200 µL of phosphate-buffered saline-2% paraformaldehyde. At least 90 000 gated events were acquired for analysis using FACSCalibur with Cellquest or LSR II with Diva (BD Biosciences). The antibodies used for staining were immunoglobulin controls, anti-CD3(UCTH1)- GraphPad Prism (v5.0b) were used for data analysis and graphic presentation.
Proliferation Assay
For the proliferation assay, cells were stained with 1.25 μM CFSE at 1 × 10 7 cells/mL for 8 minutes. Cells were then equally distributed into 3 wells containing STAg, anti-CD3/ anti-CD28, or medium in the absence of stimulus. The cells were cultured at 37°C in 5% CO 2 . After 5 days of culture, the cells were stained with the following antibodies: anti-HLADR (LN3)-PE, anti-CD8(OKT8)-PerCP, and anti-CD4(OKT4)-APC, as described above.
Determination of Cytokine Levels
To determine the IL-17A, interleukin 2 (IL-2), interleukin 4 (IL-4), IFN-γ, interleukin 10 (IL-10), and tumor necrosis factor α (TNF-α) levels, the BD Cytometric Bead Array Human Th1/Th2/Th17 Cytokine Kit was used according to manufacturer's instructions. Briefly, 1 × 10 6 PBMCs/well were cultured with STAg, with anti-CD3/anti-CD28, or with no stimulus for 12 hours at 37°C in 5% CO 2 . The supernatants were collected and kept at −20°C. The concentration of cytokines was calculated using the BD FCAP Array software (v1.0.1).
Statistical Analyses
Statistical analyses for the in vitro assays were performed using the unpaired Student t test with Welch's correction, for parametric data, or the Mann-Whitney U test, for nonparametric data.
RESULTS
SNP rs3135499 in the NOD2 Gene Is Associated With Ocular Toxoplasmosis
To test the hypothesis that polymorphisms at NOD2 might influence susceptibility to ocular toxoplasmosis in the Brazilian cohorts (Table 1) , we genotyped 3 tag-SNPs distributed throughout the human NOD2 gene (Figure 2 ) in 91 parent/ offspring trios and 30 sibships with cases of POT. The selected SNPs had an r2 threshold of 0.8, a minor allele frequency of >0.2, and were in Hardy-Weinberg equilibrium in the unrelated parents. By use of the family based association test [16] , we found evidence for association between ocular toxoplasmosis and the SNP rs3135499 (2-sided P = .039; Table 2 ). Under a genotype model of inheritance, the homozygous genotype CC is associated with protection against the development of ocular toxoplasmosis (Z statistic = −2.06). An unknown causal SNP in strong linkage disequilibrium with this marker could account for the observed association with the ocular disease.
Activation and Cytokine Production by CD4 + T Lymphocytes From Patients With Scarred Toxoplasmic Retinochoroiditis
Earlier studies suggest that T cells from patients with ocular toxoplasmosis display an altered responsiveness to T. gondii antigens [26] . Thus, we investigated this question by using PBMCs from seropositive individuals from the MG cohort who did or did not have POT. On STAg stimulation, the HLA-DR + CD4 + T lymphocytes from seropositive individuals with POT (30.6% ± 3.0%) or no eye lesions (NL; 35.9 ± 4.9) presented similar proliferative response, as assessed by carboxyfluorescein diacetate succinimidyl ester (CFSE) dilution. To access the production of cytokines in the 3 different groups of subjects, total PBMCs were cultured in the presence of STAg for 12 hours. PBMCs from seropositive individuals produced significantly higher amounts of IFN-γ, IL-2, and IL-10, compared with seronegative individuals ( Figure 3A) . The levels of these cytokines were similar among the seropositive individuals (the POT and NL groups), regardless of retinochoroiditis.
We next evaluated the frequency of STAg-specific CD4 + T cells simultaneously producing IFN-γ, IL-2, or TNF-α in individuals with POT. Seropositive individuals had significantly higher frequencies of IFN-γ/TNF-α/IL-2-producing cells (named multifunctional), IL-2/IFN-γ-producing cells, and IFN-γ-producing CD4 + T cells, compared with seronegative individuals. However, these frequencies did not differ between NL and POT seropositive groups ( Figure 3B ). The proportions of single, double, and triple producers were similar between the NL and POT individuals ( Figure 3C ). These results indicate that, considering the cytokine production and frequency of multifunctional T cells, the Th1 response specific for T. gondii antigens are similar between NL and POT patients.
Unimpaired Function of Th1 Lymphocytes From T. gondiiInfected Individuals Bearing the Susceptible NOD2 rs3135499 Genotype
It has been shown that during T. gondii infection, NOD2 plays a role in the differentiation of Th1 lymphocytes by triggering the production of IL-2 by naive T cells and leading to their commitment toward the Th1 phenotype. Despite the normal production of interleukin 12p40 in NOD2 −/− mice, the frequency of IFN-γ-producing Th1 cells is lower than in wildtype mice [15] . Since we found evidence for association between the NOD2 rs3135499 SNP and POT, we then analyzed the cytokine profile produced by CD4 + T cells from individuals with and individuals without POT. PBMCs derived from individuals bearing the possible genotypes for the rs3135499 locus produced similar levels of the Th1 cytokines (IL-2, IFN-γ, TNF-α, and IL-10) ( Figure 3D ). Altogether, our results indicate that the rs3135499 SNP in the NOD2 gene is not associated with an altered function of Th1 lymphocytes.
Polymorphism rs3135499 in the NOD2 Gene Is Associated With Enhanced Production of IL-17A by T. gondii-specific CD4 + T Lymphocytes
Apart from the contribution of NOD2 to the development of Th1 lymphocytes, it has also been shown that NOD2 plays a role in inducing the production of IL-17A by human memory T cells [14] . Thus, the levels of IL-17A were analyzed in supernatant of PBMCs cultured for 5 days in the presence of STAg. PBMCs from individuals with POT produced significantly higher amounts of IL-17A, compared with individuals in the NL group ( Figure 4A ). We then analyzed the production of IL-17A within the different genotypes for the 3 tag-SNPs in the NOD2 gene. The seropositive individuals were classified into 3 groups on the basis of 3 possible genotypes for each SNP ( Figure 4B ). There was no significant difference in the production of IL-17A among the genotypes for the 2 tag-SNPs (rs2076753 and rs2111235) not associated with the ocular disease ( Table 2 and Figure 4C ). On the contrary, we found higher production of IL-17A in individuals bearing the heterozygous genotype for the rs3135499 tag-SNP, comparison to both homozygotes (P = .029 compared to AA; P = .033 compared to CC). Among the individuals bearing the CA genotype, individuals with POT produced higher levels of IL-17A (POT group, 87.1 pg/ml ± 28.7 pg/ml; NL group, 24.8 p/ml ± 7.8 pg/ml; P = .045). These results suggest a possible role for polymorphisms at the NOD2 gene and IL-17A production with the development of ocular disease in human toxoplasmosis. 
Enhanced Frequency of Th17 Lymphocytes in Patients Susceptible to Ocular Toxoplasmosis
We then defined the cellular source of IL-17A in PBMCs from individuals with POT. It has been shown that Th17 can produce cytokines other than IL-17A, including TNF-α and limited amounts of IFN-γ [27] . They can be distinguished from Th1 cells by the expression of T-bet, a Th1 cell-specific transcription factor [28] . After 20 hours of incubation with or without STAg, PBMCs were stained for different cell surface markers (CD4, CD27, and CD45RO), the transcription factor (T-bet), and cytokines (IFN-γ and IL-17A). Individuals from seropositive groups presented higher frequency of CD4 + T cells producing only IFN-γ, only IL-17A, or both IFN-γ/ IL-17A, compared with seronegative individuals ( Figure 4D and 4E). The main source of IL-17A in individuals with POT was CD4 + /T-bet Figure 4F ). Interestingly, the proportion of the Th17 lymphocytes was significantly higher in individuals with POT, compared with asymptomatic seropositive individuals ( Figure 4E ). These results indicate that Th17 lymphocytes and IL-17A may be involved in the development of the ocular lesions during acute, inflammatory phases of T. gondii infection.
IL-17A Production and Th17 Lymphocytes Are Also Augmented in Individuals With Active Toxoplasmic Retinochoroiditis
To address the question that IL-17A could be involved in the inflammatory process leading to active retinochoroiditis, we also evaluated the production of IL-17A in 4 individuals displaying AOT (Supplementary Table 1 ). STAg-stimulated PBMCs from subjects with AOT produced significantly higher levels of IL-17A, compared with those from asymptomatic individuals ( Figure 5A ). In addition, subjects with AOT presented a higher frequency of CD4 + CD45RO + T cells producing IL-17A but not TNF-α and IFN-γ, compared with the asymptomatic seropositive group (P=.035, .064, and .555 for CD4 + CD45RO + T cells producing IL-17A, TNF-α, and IFN-γ, respectively) ( Figure 5B ). Looking specifically at the IL-17A-producing CD4 + CD45RO + T-bet − T cells, defined as Th17 lymphocytes ( Figure 5C ), the majority were only IL-17A producers. Although these cells were the most frequent, CD4 + CD45RO + T-bet + T cells that also produced TNF-α or IFN-γ were found in patients with active lesions. These results indicate that together with Th1 cells, Th17 cells may contribute to the inflammatory process leading to toxoplasmic retinochoroiditis.
DISCUSSION
T. gondii is the main infectious cause of human posterior retinochoroiditis, the most frequent clinical manifestation of congenital and acquired toxoplasmosis [2, 29] . The disease is typically presented as unilateral focus of retinochoroiditis, in the presence of adjacent chorioretinal scars, usually associated with intraocular inflammation followed by levels of necrotizing retinopathy [3] The severity and prevalence of the disease vary greatly and is believed to be under the influence of the status of host immune system [9] , the genotype of infective parasite strains [30] , and the host genetic background [31] . In this sense, polymorphisms in genes of the innate immune system, such as TLR9 (which encodes a protein that recognizes unmethylated CpG motives [18] ), NALP-1 (which encodes a member of the NOD-like receptor family involved in inflammasome formation [32] ), and P2X7 (which encodes a purinergic receptor for adenosine triphosphate that is also important for inflammasome formation [33] ), have been associated with susceptibility to manifestations of congenital infection and ocular toxoplasmosis. Here, we found evidence for association of 1 SNP in the NOD2 gene with toxoplasmic retinochoroiditis. The observed association could be due to strong linkage disequilibrium between rs3135499 and the true causal variant in the NOD2 gene, which encodes an innate immune receptor, that influences cytokine production by T lymphocytes [13, 15, 34] . A recent report demonstrates that NOD2 is an important mediator of host resistance to infection with T. gondii [15] . NOD2-deficient mice resist during the acute stage of infection but succumb at the beginning of the chronic phase. Shaw and collaborators demonstrated that NOD2 −/− mice show normal IL-12 production, but impaired Th1 responses during T. gondii infection, with a lower frequency of CD4 + T cells producing IFN-γ and IL-2 [15] . However, experiments performed by our group show that decreased cytokine production and enhanced susceptibility is not observed in NOD2 −/− mice infected with the ME49 strain of T. gondii [35] . Consistently with our findings in the rodent model of toxoplasmosis, the different alleles of the 3 SNPs of NOD2 gene were not associated with changes in the levels of IL-2, IFN-γ, TNF-α, and IL-10 produced by antigen-stimulated PBMCs or CD4 + T lymphocytes from patients chronically infected with T. gondii, regardless of the presence of ocular disease. Nevertheless, we found higher levels of IL-17A produced by PBMCs from patients with POT or AOT. Furthermore, we observed that the frequency of parasite antigen-specific Th17 (CD4 + T-bet
) lymphocytes was increased in PBMCs from patients with retinochoroiditis. We hypothesize that Th17 and IL-17A contribute to the inflammatory process and development of ocular toxoplasmosis.
The role of Th17 and IL-17A in rodent and human toxoplasmosis was addressed by a few studies. After oral infection with T. gondii, mice lacking the IL-17A receptor develop a diminished inflammatory process in the ileum, compared with wild-type mice, after oral infection with T. gondii [36] . Additionally, in mice infected with T. gondii, the lack of interleukin 27 signaling, a cytokine that inhibits Th17 differentiation, results in severe neuropathology associated with production of high levels of IL-17A, IL-6, and TNF-α [37] . This indicates a role for IL-17A in the immunopathology and inflammatory processes triggered by T. gondii infection. In humans, IL-17A has been detected in aqueous humour specimens from individuals with AOT, although the source of IL-17A has not yet been identified [10] .
Importantly, NOD2 has been implicated in IL-17A production by memory T cells. In human dendritic cells primed with bacteria, stimulation with muramyl dipeptide enhanced the production of IL-23 and IL-1β triggered by activation of Tolllike receptor 2 (TLR2). In turn, IL-23 promoted IL-17A release by memory T cells [14] . It is noteworthy that glycosylphosphatidylinositol anchors derived from T. gondii tachyzoites were also shown to activate TLR2 [38] . T. gondii molecules that are recognized by NOD2 receptor are yet to be identified. Additionally, the ocular surface has an environment enriched with cytokines (ie, TGF-β, IL-6, IL-23, and IL-1β) that are important for the Th17 cell differentiation [39, 40] . In fact, Th17 lymphocytes or IL-17A are also known to be involved in ocular diseases, including uveitis and scleritis of various etiologies [10, 41] . Furthermore, mutations in the NOD2 gene are also causative of uveitis in individuals with Blau syndrome, an autosomal dominant condition that presents as granulomatous inflammation affecting the eyes, skin, and joints [42] . In experimental autoimmune uveitis, the intensity of IL-17A production by Th17 cells correlates with susceptibility to disease [43] .
It has been shown both in vitro and in the mouse model that the infective parasite strain is an important factor influencing the T-cell development, cytokine responses, and mouse resistance to experimental infection with T. gondii [44] . Thus, considering the high frequency of virulent parasites strains and acquired ocular toxoplasmosis found in Brazil [6, 45] , it is tempting to speculate that the observed variability of the immune responses and the association of inflammatory Th17 lymphocytes with ocular disease are influenced by the infective parasite strains. However, the translation of findings in the rodent model to human toxoplasmosis is elusive, especially considering that functional TLR11 [46] and the whole family of genes encoding IFN-γ-inducible GTPases [47] , which are critical elements in host resistance to infection in mice, are mostly absent in humans.
Nevertheless, cytokines produced by T cells are of critical importance for host resistance to infection with T. gondii, both in the murine model and in humans [25, 48, 49] . By controlling parasite replication, TNF-α and IFN-γ prevent systemic dissemination of tachyzoites during acute infection and prevent the reactivation of chronic toxoplasmosis in the central nervous system [48] . In this study, we found similar level of Th1 cytokines and similar frequencies of CD4 + T cells producing IL-2, IFN-γ, and TNF-α in response to STAg in seropositive individuals, regardless of the presence of ocular disease. In contrast, the frequency of IL-17A-producing Th17 cells was augmented in patients with POT or AOT. Hence, it is possible that Th17 lymphocytes contribute to the development of ocular disease by promoting a deleterious inflammatory process, rather than by interfering with parasite control. Consistently, inflammation has been recognized as a critical process that mediates the ocular lesions in patients infected with T. gondii [50] . Together, our results demonstrate an association between NOD2 and the production of IL-17A by inflammatory Th17 lymphocytes and the development of ocular toxoplasmosis.
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